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5 A METHOD AND APPARATUS FOR ENABLING A COMPILER 

TO REDUCE CACHE MISSES BY PERFORMING PRE FETCHES 
IN THE EVENT OF A CONTEXT SWITCH 

TECHNICAL FIELD OF THE INVENTION 

10 The present invention relates to compilers and ? more particularly, to a 

compiler that generates pre- fetches that are performed in the event of context switch 
wherein the compiler returns from the context switch within a specified code region in 
cache memory to reduce cache misses. 

15 

BACKGROUND OF THE INVENTION 

In a computer system that is multi-threaded or multi-programmed, and that 
utilizes cache memory, upon each context switch made by the operating system, one 
thread or process is swapped out of cache and another is swapped into cache. When 

20 this occurs, the cache is generally re-populated only as the new thread or process 
references its data. Thus, after such a context switch, the new thread or process 
generally incurs a high frequency of cache misses. 

Furthermore, in a computer system that supports multiple outstanding cache 
misses, but which stalls on the first use of data being loaded, re-populating cache only 

25 as a new thread or process references its data may result in ineffectual use of all 
available bandwidth. 

SUMMARY OF THE INVENTION 

Accordingly, a need exists for a method and apparatus that enable the number 
30 of cache misses that typically occur in the event a context switch to be reduced or 
eliminated, thus enabling the bandwidth of the computer system to be efficiently 
utilized. The apparatus of the present invention comprises at least first logic, second 
logic and third logic that perform certain functions that enable cache misses to be 
reduced or eliminated. The first logic identifies at least a first prefetch region in a 
35 first memory element during compilation of a computer program by the computer. 

The second logic identifies critical memory references within the first prefetch region 
during compilation. The critical memory references within the first prefetch region 
correspond to data that may be needed in cache memory if a context switch occurs 
from a process or thread associated with the second context to a process or thread 
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5 associated with the first context during program execution by the computer. The third 
logic prefetches data associated with the identified critical memory references and 
stores the prefetched data in cache memory prior to a process or thread associated 
with the first context being resumed when a switch from the second context to the 
first context occurs during program execution. 

10 The method of the present invention at least comprises the steps of: identifying 

at least a first prefetch region in a first memory element during compilation of a 
computer program by the computer; identifying critical memory references within the 
first prefetch region during the compilation, the critical memory references within the 
first prefetch region corresponding to data that may be needed in cache memory if a 

15 context switch occurs from a process or thread associated with the second context to a 
process or thread associated with the first context during program execution by the 
computer; and, during program execution, prefetching data associated with the 
identified critical memory references and storing the prefetched data in cache memory 
prior to the process or thread associated with the first context being resumed when a 

20 switch from the second context to the first context occurs. 

These and other features and advantages of the present invention will become 
apparent from the following description, drawings and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Fig. 1 is a block diagram of the apparatus of the present invention. 

Fig. 2A is a flow chart illustrating the method of the present invention in 
accordance with one embodiment. 

Fig. 2B is a block diagram of a memory device demonstrating the manner in 
which the compiler shown in Fig. 1 performs the method demonstrated by the flow 
30 chart of Fig. 2 A. 

Fig. 3 A is a flow chart illustrating the method of the present invention in 
accordance with another embodiment. 

Fig. 3B is a block diagram of a memory device demonstrating the manner in 
which the compiler shown in Fig. 1 performs the method demonstrated by the flow 
35 chart of Fig. 3 A. 
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5 DETAILED DESCRIPTION OF THE INVENTION 

The method and apparatus of the present invention enable the number of cache 
misses that often occur when a context switch occurs to be reduced, thus enabling the 
bandwidth of the computer system to be efficiently utilized. The apparatus of the 
present invention is illustrated in block diagram form in Fig. 1 . The apparatus 

10 preferably comprises a processor 20 configured to execute a compiler program 10, a 
memory element 22 for storing data and instructions, a cache memory element 21 for 
performing cache memory functions, and a set of architected registers 12, which are 
used for various reasons, as discussed below with respect to the various embodiments 
of the present invention. The number of registers used is not limited to any particular 

15 number, as will become apparent from the following discussion. The processor 20, 
the cache memory 21 and the registers 12 may be comprised in a single integrated 
circuit (IC), as is normally the case. In this case, the memory element 22 may be 
internal or external to the IC. However, as will be understood by those skilled in the 
art, some or all of these components may be discrete components configured to be in 

20 communication with one another. 

In accordance with the present invention, rather than waiting until after a 
process or thread has resumed from a context switch to re-populate the cache memory 
21, as with prior known computer systems and compilers, a set of prefetches 
associated with a non-executing thread or process are determined and performed prior 

25 to resuming from a context switch so that, in the event of a context switch back to the 
non-executing thread or process, cache memory 21 will be pre-populated. This 
concept may be implemented in a number of ways, some of which are described 
below with respect to the example embodiments of Figs. 2A - 3B. 

Possible prefetch regions include, for example, loops that iterate over an array, 

30 regions over which a particular pointer is de-referenced multiple times, and entire 

procedures. Critical memory references include, for example, array references within 
a loop. An actual prefetch may be comprised of n cache lines beyond the "current" 
element at the time of the context restore, depending on the expected latency per 
iteration of the loop and the expected prefetch latency (this is only possible if the 

35 prefetches are generated as actual code; otherwise, the method and apparatus would 
require a more complex interface, which is less desirable). Pointers that are being 
actively de-referenced during the region are another example of a critical memory 
reference. An actual prefetch may be comprised of n cache lines beyond the pointer, 
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5 depending upon the size of the data object being referenced. Another example of a 
critical memory reference is global (scalar) variables that are referenced multiple 
times during a procedure. 

Fig. 2 A illustrates a first embodiment of the method 30 of the present 
invention. As the processor 20 running the compiler is executing in a first context 

10 (i.e., executing in a particular thread or process), the processor 20/compiler program 
10 observes what regions in memory element 22 contain references to data that is 
ideally located in cache memory 21 . From this observation, the processor 20 
identifies prefetch regions, i.e., candidate regions that are actively referencing data 
that must be present in the cache in order to achieve optimal performance. This 

15 functionality is represented by block 32 in Fig. 2 A. Once these prefetch regions have 
been identified, a first one of the prefetch regions is selected, as indicated by block 33. 
Within the selected prefetch region, the processor 20/compiler 10 determines the 
critical memory references within the particular region, i.e., particular addresses 
within the selected region that are desirably located in cache memory 21, as indicated 

20 by block 34. The processor 20/compiler 10 then generates code for prefetching the 
data corresponding to the critical memory references, as indicated by block 35. For 
each region identified as a prefetch region, the process described above with reference 
to blocks 34 and 35 is performed, as indicated by block 37. 

In addition to generating the code that performs the prefetches, code is 

25 generated that stores a prefetch code address location (hereinafter referred to as 
"PCA") at the beginning of the code region associated with a particular process or 
thread, as indicated by block 36. However, this code that stores the location of the 
prefetch code is not executed until runtime. The saving of the return location is done 
by the processor or operating system (OS) at the time the context is originally 

30 switched from this process or thread to another (this is standard industry practice). 
Upon resumption, the operating system has access to this return location, and will 
transfer control to that location after executing the prefetch code. It would also be 
possible for the OS to put this return address into a known register, and then the 
prefetch code could automatically return through that register. 

35 At execution time, when a context switch occurs from some other context to 

the selected prefetch region, the prefetch code generated at the step represented by 
block 35 is executed and the data locations referenced by the critical memory 
references are loaded into cache memory 21. Thus, populating the cache memory 21 
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5 is an antecedent step to resuming the process executing within the prefetch region. 
The prefetch code is generated at compile time, not at execution time. Only its 
location must be stored at runtime, so that the OS knows where to find it. There is 
only a single prefetch region at any one time. That is the region of code to which the 
process or thread will resume. 
10 This method of Fig. 2 A is further demonstrated by the block diagram of Fig. 

2B. First and second code regions 51 and 52, respectively, are code regions contained 
in memory element 22. At the beginning of the code regions 5 1 and 52, in memory 
element 22, the PCAs 56 and 57, respectively, are stored. Prefetch code 53 and 54 
associated, respectively, with PCAs 56 and 57, are also stored in memory, either in 
15 registers 12 or in memory element 22. The register or memory location is fixed, so 
that at execution time, it always contains the PCA associated with the currently 
% executing prefetch region. The PCAs 56 and 57 and their associated prefetch code 53 

S and 54 are stored by the code generated at the steps represented by blocks 35 and 36 

in Fig. 2A. These storing steps are performed prior to resuming the processes 
hi 20 corresponding to the respective code regions 51 and 52. For example, the PCA 56 
ifi associated with the first code region will be stored before a context switch back to the 

O first code region 5 1 occurs. Identically, the PCA 57 associated with the second code 

m region will be stored before a context switch back to the second code region 52 

^ occurs. Otherwise, it would not be possible to populate the cache memory before next 

U 25 thread or process begins executing, which is the primary goal of the present invention. 

If the PCA of a code region is a valid (i.e., non-null) address, then at the time 
that the thread or process associated with the code region is resumed, the OS will 
branch to the location of the associated prefetch code, saving the return address for 
the code region, preferably in one of the registers 12. Then, when the associated 
30 prefetch code has finished executing, the OS will return to the return address 

contained at the location (e.g., register) at which it was stored. For example, if the 
PCA 57 for the second code region 52 is a valid (i.e., non-null) address, then at the 
time that the thread or process associated with the second code region 52 is resumed, 
the OS will branch to the location of the associated prefetch code 54, leaving the 
35 return address for the second code region 52 in one of the registers 12. When the 
prefetch code 54 has finished executing, the OS will return to the return address 
contained in the register in which it was stored, which is the point at which execution 
of the process or thread associated with the second code region should resume, i.e., 
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5 the location in the code at which the process was originally interrupted before it was 
"swapped out", i.e., before the context switch from the process or thread associated 
with the second code region occurred. This return to the location in the second code 
region is indicated by arrow 59. 

Figs. 3 A and 3B will be used to describe another embodiment of the present 
10 invention in which the addresses of the code to be prefetched are stored in a fixed 

number of registers, n, such as registers 12 shown in Fig. 1 . The number of prefetches 
that need to be performed, or the prefetch count, is stored in memory element 22 at 
the beginning of the code for the region. Prior to describing the manner in which the 
prefetches occur, the manner in which the number of registers needed is determined, 
15 the manner in which registers are allocated, and the manner in which the prefetch 
counts are determined and stored will be described with reference to Fig. 3 A. 

As shown in Fig. 3 A, the first step in the method 60 in accordance with this 
-& embodiment is to identify the prefetch regions, as indicated by block 62. Steps 62 

%j through 64 in Fig. 3 A are the same as steps 32 through 34 in Fig. 2A. The processor 

20 20/compiler 10 then allocates a register 12 for each critical memory reference 
111 beginning at a First Prefetch Register (FPR), which, in accordance with this 
f j embodiment, is always a particular, or constant, starting register. This step is 

^ represented by block 65. The remainder of the registers are then consecutively 

%jj allocated with reference to their associated FPR, as indicated by block 66. Each of 
jjT 25 the allocated registers contains an address of data located in memory element 22 that 
is to be prefetched for loading into cache memory 21. 

The code needed to store the prefetch count at the beginning of the selected 
region is generated at the step represented by block 67. As stated above, the prefetch 
count for a particular region is stored at the beginning of the region with which it is 
30 associated in memory element 22, as shown in block 3B. The prefetch count 

corresponds to the number of the registers allocated for a particular identified prefetch 
region. The method 60 then proceeds to the next identified prefetch region, as 
indicated by block 68. The process then continues in the manner discussed above 
with reference to blocks 64 - 67. 
35 Before resuming a thread or process, the OS obtains the stored prefetch count 

for the current prefetch region (i.e., the code region to which the thread or process will 
resume) by loading it from the prefetch count location, and then executes the 
prefetches contained in the consecutive registers, beginning with the FPR and 
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5 continuing until the prefetch corresponding to the last consecutive register has been 
performed. As the OS prefetches the data from memory element 22, it loads it into 
cache memory 21 so that the data is ready to be referenced efficiently from cache 
memory 21 when the thread or process resumes. There is only one single prefetch 
region at any one time. That is the region of code to which the process or thread will 
10 resume. Similarly, there is only one FPR, which is always the same. 

It should be noted that, because it is generally not possible to issue loads from 
indirect register locations, it would probably be most efficient for the OS to have a 
code sequence which issues the maximum number, m, of prefetches, beginning with 
the register number FPR+m-1, and continue down the register file to register number 
15 FPR. The OS can use the prefetch count to do a vectored branch into the string of 
prefetches at the appropriate location. If the addresses of interest are not all available 
at the beginning of the prefetch region, the compiler should null out the register (set it 
S to zero), to avoid generating spurious prefetches. Then, either the processor can 
%4 ignore null prefetches, or the prefetch code can check for null before issuing the 
r{| 20 prefetch. 

ijlj It should be noted that although the present invention has been described with 

f if reference to certain embodiments, it is not limited to these particular embodiments. 
I/J Those skilled in the art will understand that variations and modifications can be made 
S| to the embodiments described herein that are within the spirit and scope of the present 

£f 25 invention. For example, the configuration of the apparatus of the present invention 
shown in Fig. 1 can be implemented in a variety of ways with a variety of 
architectures. Also, the memory element 22 is not limited to any particular type of 
memory element and any suitable computer-readable medium can be used for this 
purpose. Similarly, the processor 20 is not limited to any particular type of processor, 
30 except that it must be capable of performing the aforementioned functions. The 

compiler program 10 can be written in any suitable language and the functions of the 
compiler discussed above can be implemented with existing compiler program or as a 
new compiler program. 
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